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Development and urbanization over the past decade has led to rapid increase in the population of Delhi, the
metropolitancityofIndia.Consequently,therehasbeenatremendousincreaseinthenumberofvehicles,whichare
causingveryhighlevelsofairpollution.Vehicularemissionsarebecomingmostpredominantsourceofairpollutionin
Delhi. An annual emission inventory of road transport emissions of pollutants including carbon monoxide (CO),




2010, whereas contribution of SO2 has greatly reduced (a21%) due to phasing out of diesel driven buses and
implementationofBharatStage–IIInormstocommercialvehicles.AnappreciableincreaseinNOXemissionshasbeen
observedafter2005,whichmightbeduetotheuseofCNGfuel.EmissionsofPM10,OCandBChavedecreasedin2001


























number of registered vehicles compared to that of combined
number of vehicles in threemetropolitan cities namely Chennai,
Mumbai,Kolkata(CPCB,2010a).Thenumberofvehiclesregistered
in Delhi has already reached 6million in 2010 (DSH, 2012) and
another 2.2million vehicles mostly from the surrounding areas
namely– Gurgaon, Faridabad, Ghaziabad, Noida, Greater Noida,
BahadurgarhandSonipatcontribute to totalvehicularpopulation
(Sahu et al., 2011),which are responsible for degrading the air
quality.Vehicularpollution, contributedabout72% towards total
airpollutionloadinDelhi(Goyaletal.,2006),whichwasonly23%
in1970–71(CPCB,2008).AstudyonvehiculartrafficbyHindustan
Times (2011) (a leadingdailynewspaper)alsostated thataround
1317vehicleswereaddedtoDelhi’svehiclepopulationeveryday
outofwhichmore than 60%were twowheelers (2Ws) and rest
werecars.Thisincreasewasalsoattributedtothebuyingcapacity
andfascinationfornewbikesandcars inDelhiites.Moreover,the
TRIPP (2001) projected that the implementation of CNG inDelhi




Air quality measurements undertaken by the regulatory
authority,CentralPollutionControlBoard(CPCB)inthelastdecade
show that ambient concentrations of coarse particles PM10
(particleswithaerodynamicdiameterlessthanorequalto10ʅm)
haveconsistentlyexceededNationalAmbientAirQualitystandards
(NAAQS). As a consequence, incidence of respiratory diseases in
Delhi has greatly increased and about 30% ofDelhi’s population
suffers from respiratory disorders (Kandlikar and Ramachandran,
2000).

Several previous studies havemade an attempt to examine
and estimate emissions of air pollutants in Delhi. Gurjar et al.
(2004) presented a comprehensive emission inventory for the
period1990–2000andconcludedthattransportsectorcontributed
>80%ofNOX,COandVOCs (volatileorganiccompounds)towards
total emissions. Recently, Ramachandra and Shwetmala (2009)
developed a decentralized emission inventory for vehicular
transport sector of India for differentmetropolitan cities for the
years 2003–2006. It was estimated thatmetropolitan city Delhi





emissions respectively.Mohan et al. (2012) estimated emissions
fortheperiodof2000–2008basedonemissionfactors(EFs)from
previous studies and stated that transport sector contributed
about60%toNOXemissions.

Goyal et al. (2013) developed a gridded vehicular emission
inventory of criteria pollutants namely CO, NOX and PM which
coveredthemetropolitanareaof26kmx30km(780km2)ofDelhi
for thebase year2008.COandNOXemissionsdue topassenger
cars (PCs) were found to be about 34% and 50% respectively.




a92%.Nagpure et al. (2013) quantified traffic–induced emissions
formegacityDelhifortheyears2000–2005andconcludedthatthe
levels ofNOX and TSP did not show appreciable increase,which
mightbeduetoCNGeffectivenessasanalternativefuel.However,
2Ws dominated Pb emissions followed by cars while the
contributionfromdifferenttypesofvehicleswasnegligible.

The present study aims to estimate emissions of various
pollutants(e.g.,CO,NOX,SO2,PM10,CH4,HC,Pb,VOC,OCandBC)
from transport sector in Delhi over the period of 2000–2010.
Bottom–up approach was adopted, which is based on annual








Delhi (Latitude28°35’N, Longitude 77°12’E) (Figure 1),with
an area of 1483km2 (ESD, 2004), home of a16million people is






Delhi has a semi–arid climate with an extremely hot summer,
average rainfallandvery coldwinter.The summer (March,April,
May) is governed by high temperature, themonsoon (June, July
and August) is dominated by rain where as the post–monsoon
(September, October, November) has moderate temperature
(Kumar andGoyal, 2011). Themost important season inDelhi is
winter,whichstartsinDecemberandendsinFebruary.Thisperiod
isdominatedbycold,dryairandground–basedinversionwithlow
windconditions (uч1ms–1),whichoccur frequentlyand increases
theconcentrationofpollutants (Anfossietal.,1990;CPCB,2000).
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Emission load of road transport during the period of 2000–















sharply increasedbyanaverageannual rateof7.40% forprivate




forDelhi has been derived from the Statistical Abstract ofDelhi
(2012)(Figure2).Annualaveragevehicle–kilometertravelledwere
assumed to be 10000 for passenger cars; 36000 for taxis and
auto–rickshaws; 50000 for buses and 30000 for HCV and LCV
(Guttikunda and Calori, 2013) and 27000 for 2Ws (Sahu et al.,
2011).Auto–rickshaws (or3W)andbuseshavebeenassumed to
use only CNG, as fuel post 2005. The population data of CNG





and jeeps use compressed natural gas (Das and Parikh, 2004).










an activity associated with the release of that pollutant. These
factorsareusuallyexpressedastheweightofpollutantdividedby
aunitweight,volume,distance,ordurationoftheactivityemitting
thepollutant (U.S.EPA,2009).Vehicularemissions varywith the
age of the vehicle, its type, efficiency and type of fuel used.
EmissionFactors(Ei,jkm)ofdifferenttypesofvehiclesarecompiled
from previous studies and regulatory agencies (UNEP, 1999;
KandlikarandRamachandran,2000;EEA,2001;MittalandSharma,





EmissionsofCO (Figure3) increasedby77% from193Gg in





followed by passenger cars (>12%). A continuous increase was





alsoobservedduring 2000–2002, from 140Gg to 162Gg respecͲ
tively.Post2002,HCemissionsshowedanincreasingtrend.Risein













NOX emissionsduring 2001–2003 so adecreasewas seenduring
2001–2003. However, NOX emission trend reversed in 2004 and
2005due to increase in thenumberof LCV andHCV vehicles as
wellas increaseduseofCNGas fuel inbusesand3Ws (Figure4).
After2005,asteepdecreasehasbeenobserved in2006followed
bysteadilyincreasingtrendupto2010.After2005,3Wsandbuses
are assumed tobeusingCNG fuelonly. Thismaybeoneof the
reasons, as its flash point is 540°C, which is much higher as
compared to that of diesel (232°C–282°C). At such a high
temperature,more nitrogen from the air compresses and reacts
with oxygen in the combustion chamber of CNG driven vehicles
andthusproducesmoreNOX(Ravindraetal.,2006).Otherreason
may bedue to fall in the number of total buses plying onDelhi




(7.8Gg in 2000 to 6.1Gg in 2010)was seen during the decade
2000–2010(Figure5).Busescontributednearly52%ofSO2during




x In2000, sulfur content indieselandgasolinewas reduced to
0.05%.
















more than three times from 13Gg in 2000 to 49Gg in 2010. A
steep increasewasobserved in2006from26Gg in2005to37Gg
in2006.Themainreasoncanbeattributedto implementationof




PM10 emissions increased from 8.5Gg in 2000 to 10.6Gg in
2010, therebyregisteringan incrementof25%during thedecade






out of diesel vehicles from public fleet and implementation of
BharatStageIIInormsin2005anduseofcleanerfuelCNGinbuses
and auto–rickshaws. After 2006, a rise was again seen in PM10
emissions, which might be due to continuous increase in the
vehiclepopulation inalltypesofvehicles.EmissionsofBCandOC




to 0.37Gg in 2010 (Figure S6 in the SM). 2Ws are found to be
major contributors towards Pb emissions, followed by passenger
cars.After2002,Pbemissionsincreasedatanaveragerateof6.5%
annually. The increase in Pb emissions is of great concern and
similar resultsofdominationofPbemissionshavebeen found to







Table 1presents thedifferencesbetween thepresent study
and the studies made by others for estimates of transport
emissionsofDelhi.Themain reasonofdifference is found tobe
the choice of different EFs. Some studies such as Bose (1999),
UNEP(1999)andDasandParikh(2004)havetakenprojectionsof
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vehicles for theemissionestimation.Otherstudies likeAutoFuel
Policy (2002),Nagpureet al. (2013) and thepresent study,have
usedactualnumberofvehiclesobtainedfromgovernmentreports
suchasyearlyeconomicsurveyandstatisticalabstracts.Thismay
lead to a difference in the number of vehicles used in the
calculations for emission estimation.Another reasonmaybe the
considerationofdifferentproportionofdifferenttypesofvehicles.
Forexample,inthepresentstudytheproportionis72:28for2W–
2S:2W–4S,which isbasedon reportofCPCB (2010b).However,
Nagpure et al. (2013) has taken a figure of 2407799 for 2W in
2001andaproportionof8:1for2W–2Sand2W–4Svehicles.

Emissions calculated in the present study for CO, NOX and
PM10fortheyears2008–2009havebeencomparedwithGoyalet
al. (2013) (TableS2 in theSM),which reflects that theestimated
emissions of both studies are in well agreement. However, the
above emissions are not matching to the emissions of same
pollutantsmadebyGurjaretal. (2004), since the latterhasused
2000asthebaseyear.Itisalsonoticeablethatemissionestimates
ofthepresentstudyfor2000–2010havelowervaluescomparedto












have been presented for the first time. Emission estimates from




completed by 2005 and also due to implementation of Bharat
Stage IIInorms,asuddendip intheNOX,SO2andPM10emissions
hasbeenseenbutagainanincreaseisseenfrom2006–2010.This
rise can be attributed to continuous increase in the number of
vehicles in Delhi, which has offset the impact of CNG
implementation and phasing out of diesel vehicles. Therefore, a
continuousincreaseinemissionshasbeenfoundafter2006.










since, the emission inventories are constructedbasedon several
assumptions as well as projections for the missing data. The
primarydata isoftenavailableatannualbasis.Therefore, it is for
these inventories to represent the dynamics of time as well as
space. Numerically emissions can be validated through concenͲ
trations obtained bymodeling. However, itmust be noted that
formulating air quality models are themselves based on
assumptions in atmospheric processes. The best qualitative
method toassess theemissions is to compare its trendwith the
observed concentrations in a decadal study such as the present
study.XiaandShao (2005)have tried tovalidateemissions from
traffic at three intersections using air qualitymonitoring data of
three sampling stations in Hong Kong. In the present study,
emissionestimatesandconcentrationsofNOX,SO2andPM10are
compared on yearly basis with same pollutants at monitoring
station ITO (traffic intersection), inDelhi for theperiodof2000–
2010.The trendsofconcentrationandemissionsofNOXandSO2








out for the decadal contribution of different types of vehicles
towards total pollution in Delhi. The results have been found
statisticallysignificantwithin99%confidence interval for2Wand
PCs.Moreover thesamehas tobe realizedby thepolicymakers,
andshouldcomeupwithstricterBharatStageIVnormsfor2Win
thenear future.New improvements inengine technology,better
fuelqualitywithlessersulfurcontentandamandatoryevaporative


















of local vehicle emissionmeasurements and fleet characteristics,
alsofromthediscrepancyinvehicleclassificationsbetweenannual
statistical reports has been estimated. The vehicle kilometer
travelled(VKT)numbersareestimatedthroughsurveys,sincethey
arenotavailablethroughofficialreports.Thisleadstoasystematic
bias inestimatingemissions frommobile sources. In thepresent
study,thedailyVKTofvarioustypesofvehicleswasestimatedby
combining the vehicles annual travel distance and number of
vehicles registered.Thepopulationsof thePC,3W,2W,LCV,bus
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and HCV in the present study have been acquired from the
StatisticalAbstractofDelhi(2012)andannualkilometerstravelled
from Guttikunda and Calori (2013). These have been compared
with the report of CPCB (2001), according towhich the average
distance traveled by bus, HCV and LCV was 164kmday–1,
82kmday–1and109kmday–1 respectively,anddistance travelled
by 2Wwas around 27kmday–1 in Delhi. Table S4 (see the SM)
shows theVKTdistributionofdifferent typesofvehicles inDelhi.





















194(2000) 442(2000) 197(2000) 192(2000)
339(2001) 214(2001) 195(2001)
154(2002) 341(2002) 265(2002) 203(2002)
341(2003) 300(2003) 214(2003)
340(2004) 328(2004) 228(2004)
192(2005) 203(2005) 341(2005) 350(2005) 244(2005)
NOx
40(2000) 133(2000) 105(2000) 67(2000)
210(2001) 114(2001) 71(2001)
40(2002) 217(2002) 74(2002) 67(2002)
217(2003) 91(2003) 68(2003)
 216(2004) 98(2004) 73(2004)
192(2005) 39(2005) 218(2005) 104(2005) 76(2005)
SO2









4.7a(2002) 13a(2002) 7.7a(2002) 8.5(2002)
13a(2003) 8.8a(2003) 8.6(2003)
13a(2004) 9.6a(2004) 9.3(2004)










emission inventoryof theCO,NOX, SO2,PM10,CH4,VOC,BC,OC
andPb for the transport sectorofDelhi.Theemissionsofall the




during 2000–2010 in which 2Ws are contributing maximum
emissionsfollowedbypassengercars.
x EmissionsofNOX,SO2,PM10,ECandOCare found to showa




x A steep fall in emissions of NOX, SO2, PM10, BC and OC is
observed in 2006 as compared to 2005. The reason can be
attributed to the implementation of stricter emission Bharat
Stage IIInormsonallprivateandcityvehicles in2005.Diesel
busesmainlycontributedtowardsSO2emissionsduring2000–
2005,whichwere either completely phased out or replaced
with CNG.Also, number of total buses plyingonDelhi roads
decreasedby16%from55747in2005to46581in2006.
x Dieselvehiclesarefoundtobethemajorcontributorstowards
PM10, BC and OC emissions, which reduced considerably in
2006 due to implementation of CNG and Bharat Stage III
norms.
x Finally,one can conclude that implementationofCNG in the
publictransportandintroductionofBharatstageIIInormshas
resultedinreductioninemissionsofairpollutantsbutitseffect
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